Background/objective: To investigate the effects of temperature changes and stress loading on the mechanical and shape memory properties of thermoplastic materials with different glass transition behaviours and crystal structures. Materials/methods: Five thermoplastic materials, polyethylene terephthalate glycol (Duran®, Scheu Dental), polypropylene (Hardcast®, Scheu Dental), and polyurethane (SMP MM®, SMP Technologies) with three different glass transition temperatures (T g ) were selected. The T g and crystal structure were assessed using differential scanning calorimetry and X-ray diffraction. The deterioration of mechanical properties by thermal cycling and the orthodontic forces during stepwise temperature changes were investigated using nanoindentation testing and custom-made force-measuring system. The mechanical properties were also evaluated by three-point bending tests; shape recovery with heating was then investigated. Results: The mechanical properties for each material were decreased significantly by 2500 cycles and great decrease was observed for Hardcast (crystal plastic) with higher T g (155.5°C) and PU 1 (crystalline or semi-crystalline plastic) with lower T g (29.6°C). The Duran, PU 2, and PU 3 with intermediate T g (75.3°C for Duran, 56.5°C for PU 2, and 80.7°C for PU 3) showed relatively stable mechanical properties with thermal cycling. The polyurethane polymers showed perfect shape memory effect within the range of intraoral temperature changes. The orthodontic force produced by thermoplastic appliances decreased with the stepwise temperature change for all materials. Conclusions/implications: Orthodontic forces delivered by thermoplastic appliances may influence by the T g of the materials, but not the crystal structure. Polyurethane is attractive thermoplastic materials due to their unique shape memory phenomenon, but stress relaxation with temperature changes is expected.
Introduction
Because improved aesthetic orthodontic appliances, especially for adult patients, are highly desirable (1, 2) , recently developed transparent thermoplastic removable appliances have become widely accepted in clinical orthodontics (3) (4) (5) (6) . Some patients can be treated with thermoplastic appliances alone; however, in many cases, these appliances must be modified or used with auxiliaries or fixed appliances (7) (8) (9) . To expand the clinical indications of thermoplastic appliances, it is important to understand the relevance of orthodontic forces from these appliances. Previous in vitro studies have investigated the force delivery and the mechanical properties of thermoplastic appliances with different materials and thicknesses (10) (11) (12) (13) (14) . The mechanical properties of thermoplastic materials may be influenced by environmental temperature changes. Previous study investigated the effects of water absorption, thickness changes by thermoforming, and tensile tests at 23 and 37°C and reported that the mechanical properties of thermoplastic materials were influenced by thermoforming, water absorption, and temperature changes (15) . Another previous study reported that the residual stress within all materials decreased with time and that this process was accelerated significantly in a 37°C water bath, compared with at ambient temperature (16) . Because the oral environment temperature may be increased up to 57°C with the intake of a hot drink and several minutes may be required for it to return to its original temperature (17) , the influence of such temperature increases and moisture on the mechanical properties of thermoplastic materials should be investigated.
The mechanical properties of thermoplastic materials vary with the molecular and crystal structures, which influence the glass transition behaviour (15) . Thermo-responsive shape memory polymers (polyurethane) with the ability to return from a deformed state to the original shape with a temperature change have been developed recently (18, 19) . In the present study, the effects of immersion in water with thermal cycling and stress loading with clinically relevant temperature changes on the mechanical properties of various thermoplastic materials were investigated. In addition to relationships among their mechanical properties, glass transition behaviour, crystal structure, and shape memory effect were also assessed. We also investigated the possible use in clinical applications of polyurethane shape memory polymers with three different glass transition. It was hypothesized that (1) the thermal cycling and stress loading would not affect the mechanical properties of the thermoplastic materials, (2) there is no specific relationship between the mechanical properties of thermoplastic materials and their glass transition behaviour and crystal structure, and (3) the polyurethane polymer does not exhibit shape memory behaviour with adequate characteristics for clinical applications.
Materials and methods

Materials
Thermoplastic materials, polyethylene terephthalate glycol (Duran®, Scheu Dental, Iserlohn, Germany), polypropylene (Hardcast®, Scheu Dental), and polyurethane polymer (SMP MM®, SMP Technologies, Tokyo, Japan) with three different glass transition temperatures (T g ) were purchased for the present study (Table 1) . SMP MM are newly developed polyurethane polymers that are supposed to show a large reversible change in elastic modulus across the T g , which is referred to as a shape memory effect (19) .
Differential scanning calorimetry
Test specimens of 3 mm 2 sheets, 0.4 or 0.5 mm thick, were cut from each thermoplastic material for differential scanning calorimetry (DSC) analyses. After placing in an aluminium pan in the cell of the DSC apparatus (DSC-60, Shimadzu, Kyoto, Japan), each specimen was cooled (−20 to 40°C) using liquid nitrogen and then heated (90 to 220°C) to obtain a heating DSC curve. The linear heating or cooling rate was a standard 10°C/minute, and during each analysis, the DSC cell was purged with dry nitrogen. Replicate DSC cooling and heating runs were adopted in order to minimize the effect of thermal history and localized crystallization in the materials. The T g for each as-received specimen was determined as the point of intersection of the initial fall of the baseline slope and the baseline in the DSC plots obtained from second heating runs.
X-ray diffraction
Test specimens of 1 cm 2 sheets, 0.4 or 0.5 mm thick, were cut from each thermoplastic material for X-ray diffraction (XRD; Rint-2500, Rigaku, Tokyo, Japan). The XRD was performed in a BraggBrentano system using CuKα-radiation at 40 kV and a tube current of 100 mA. Representative specimens were analysed over a 2θ range from 2 to 35 degrees, using a step size of 0.02 degrees and a scanning speed of 0.25 degrees per minutes. The XRD pattern was obtained at 25°C.
Effect of thermocycling on mechanical properties by nanoindentation testing
Approximately 1 cm 2 sheet specimens, 0.4 or 0.5 mm thick, were cut from the thermoplastic materials and thermocycled between 5 and 55°C for 500-2500 cycles using distilled water (n = 10). The specimens were then fixed on the specimen stage with adhesive resin (Superbond Orthomite, Sun Medical, Shiga, Japan). All nanoindentation testing (ENT-1100a, Elionix, Tokyo, Japan) for surfaces of each thermoplastic material without polishing condition was carried out at 28°C with a peak load of 10 mN using a Berkovich indenter (20) . Ten indentations were made for each material. Longitudinal data of the same specimens (n = 10) were obtained at each cycle immersion period and minimum distance between each indentation was 500 μm. Linear extrapolation methods (ISO Standard 14577) were used for the unloading curve between 95 and 70 per cent of the maximum test force to calculate the elastic modulus. The hardness and elastic modulus were calculated with software provided with the nanoindentation apparatus using Poisson's ratio of 0.3. Mechanical properties by three-point bending behaviour and observation of shape recovery during heating process
Test specimens with cross-sectional dimensions of 1 mm × 0.4 or 0.5 mm and 20 mm length were cut from each thermoplastic material sheet. All specimens were heat treated at temperature of T g + 25°C, inserted in the straight slot formed in the gypsum block for the shape memory procedure. A three-point bending test was carried out for the thermoplastic specimens (n = 10). The span length between supports for the test specimens was 12 mm, in accordance with ANSI/ ADA Specification No. 32. Specimens were loaded at 25°C to a deflection of 3 mm, using a rate of 1 mm/minute with a universal testing machine (EZ Test, Shimadzu, Kyoto, Japan). The specimens were then heated to 100°C using a dry heat sterilizer (MOV-212S, Sanyo, Osaka, Japan) under unrestrained conditions to observe the shape recovery.
Measurement of orthodontic forces
The in vitro force-measuring system, which consisted of a custommade epoxy model with a small force sensor (PS-20KC, Kyowa, Tokyo, Japan) at the left maxillary central incisor and a sensor interface (PCD-300A, Kyowa), is described in detail elsewhere (14) . The thermoplastic appliances with 0.5 mm activation in the left maxillary central incisor were made using a set-up model (n = 5) and pressure molding machine (Biostar, Scheu Dental, Iserlohn, Germany); the details have been reported previously (14) . Measurements were first carried out at room temperature (25°C) in dry conditions after the sensitivity of the sensor was calibrated. The environment temperature was heated to 37°C, and then stepwise temperature changes (50-33°C) were performed. The measurement was performed in a dry heat sterilizer (MOV-212S, Sanyo), and the temperature was monitored with a thermometer (HT-3007SD, Satotech, Kanagawa, Japan) and thermocouple (TPK-03, Satotech) that attached to the thermoplastic appliances. The initial (at 33°C) and final forces of stepwise temperature changes (10 seconds after reaching each temperature) and the rates of decrease (100 − final force/initial force × 100) were compared between each material.
Statistical analysis
The experimental results were analysed using the SPSS software (ver. 19.0J for Windows; IBM, Armonk, New York, USA). The mean hardness, elastic modulus, and yield strength obtained by nanoindentation and three-point bending tests, and orthodontic force obtained by the in vitro force-measuring system were compared by one-way and two-way analysis of variance (ANOVA), followed by the Tukey-Kramer honestly significant difference test with a significance level of 5 per cent.
Results
The T g values obtained by DSC are listed in Table 2 and each value was 75.3°C for Duran, 155.5°C for Hardcast, 29.6°C for PU 1, 56.5°C for PU 2, and 80.7°C for PU 3. Figure 1 shows representative XRD spectra of the five thermoplastic materials. The results of XRD confirmed that Duran was an amorphous plastic, while Hardcast was crystalline plastic, with peaks from the crystal that could be indexed to the (110), (040), (130), (140), and (150) crystal planes of polypropylene. PU 1, PU 2, and PU 3 showed some peaks and they were crystalline or semicrystalline plastics. Figure 2 shows the values of hardness and the elastic modulus obtained by nanoindentation testing after thermocycling tests. Twoway ANOVA showed that thermoplastic materials (Duran, Hardcast, PU 1, PU 2, PU 3; P = 0.000) and thermocycling (0-2500 cycles; P = 0.000) was a statistically significant factor. One-way ANOVA and Tukey test showed that the values of hardness were not significantly decreased by 500 cycles of thermocycling, with the exception of Hardcast and PU 1, while the values of elastic modulus for all thermoplastic materials were decreased significantly by 500 cycles of thermocycling, with the exception of PU 1 and PU 3. The values for all thermoplastic materials were decreased significantly by 2500 cycles, with the exception of the hardness of PU 2. Great decrease was observed for Hardcast and PU 1. Figure 3 shows representative load-deflection curves, elastic modulus, and yield strength for the five thermoplastic materials obtained by three-point bending test. Similar values of the elastic modulus and yield strength were obtained for Duran, PU 2, and PU 3. The values of the elastic modulus and yield strength of Hardcast and PU 1 were significantly lower than those of the other materials. Figure 4 shows shape recovery behaviour of the specimens with residual deflection by three-point bending. Slight residual deflection was observed for Hardcast, PU 1, and PU 3 after three-point bending, while Duran and PU 2 showed marked residual deflection. Perfect shape recovery (shape memory effect) with heating up to 50°C was observed for PU 2. Shape recovery for Duran was observed with heating up to 70°C, although further heating produced deformation of the specimen. Figure 5 shows representative measurements of orthodontic forces obtained with thermoplastic appliances made from the five thermoplastic materials. The initial force at 33°C and final force of stepwise temperature changes and the rates of decrease are listed in Table 3 . The orthodontic force produced by thermoplastic appliances decreased with the stepwise temperature change for all materials and the greatest decreasing rates were observed for Hardcast, PU 1, and PU 2.
Discussion
Although a previous study (17) reported that the oral environment temperature can increase to 57°C with the intake of a hot drink and that the mechanical properties of thermoplastic materials are known to be influenced by environmental temperature changes, only one reported study (13) has described the mechanical properties of thermoplastic materials under such simulated oral conditions. The previous study (13) reported the force delivery properties of thermoplastic materials after thermocycling (1000 cycles between 5 and 50°C) did not differ from those at baseline. Similarly, the values of hardness were not significantly decreased by 500 thermal cycles, except the values for Hardcast and PU 1, in the present study. However, the values of hardness and elastic modulus obtained from all the thermoplastic materials, with the exception of PU 2, deteriorated significantly with more severe cycling conditions (2500 cycles). These results suggest the possibility that the orthodontic force from thermoplastic appliances decreases with clinically relevant temperature changes. Additionally, the orthodontic force magnitude for all thermoplastic materials decreased with the stepwise temperature change (37-60°C and to 37°C), suggesting that the temperature changes with heating produced stress relaxation in the materials. Thus, null hypothesis (1) of the present study (that thermal cycling and stress loading would not affect the mechanical properties of the thermoplastic materials) was rejected. The mechanical properties of thermoplastic materials vary with the molecular and crystal structures, which influence the glass transition behaviour (15) . It is known that water absorption induces property changes in polymers because water connected to macromolecules by hydrogen bonds acts as a spacer between chains (21-23). Previous studies (24) reported that water penetrates the amorphous regions of polymers and that crystalline regions remain unaffected by water at room temperature, whereas another study concluded that crystalline fractions of polymer were, in fact, also affected by water addition (25) . Hardcast is a crystalline plastic and had a considerably higher T g than the temperatures used in this study, although the mechanical properties still deteriorated with 500 thermal cycles. The Duran was an amorphous plastic. PU 1, PU 2, and PU 3 were crystalline or semi-crystalline materials, although their spectra did not correspond to the data of the Powder Diffraction File (ICDD, Newtown Square, Pennsylvania, USA). The mechanical properties of PU 1 deteriorated with only 500 thermal cycles. A possible reason for this is that the properties changed greatly with temperatures over T g due to accelerated water absorption. The Duran, PU 2, and PU 3 showed relatively stable mechanical properties with thermal cycling, compared with the two other materials. One possible reason for this is that the T g values for these materials (75.3°C for Duran, 56.5°C for PU 2, and 80.7°C for PU 3) were higher than the temperatures used for thermal cycling (between 5 and 55°C). Thus, there was no obvious relationship between the crystal structure and the durability or the mechanical properties with thermal cycling in the present study, although the mechanical properties by thermoplastic appliances may influence by the T g of the materials. Therefore, null hypothesis (2) of the present study (that there is no specific relationship between the mechanical properties of thermoplastic materials and their glass transition behaviour and crystal structure) was rejected in part.
After the three-point bending test, remarkable residual deflections were observed with Duran and PU 2. Perfect shape recovery with heating up to 50°C was observed with PU 2. While shape recovery for Duran was also observed with heating up to 70°C, further heating produced deformation of the specimen. The shape memory effect observed for PU 2 may be valuable because the residual deflection of thermoplastic appliance could recover after increased temperature in the oral environment. However, the orthodontic force produced by thermoplastic appliances made from PU 2 decreased with the stepwise temperature change, suggesting that thermoplastic appliances composed of PU 2 would show excellent shape recovery for a large deformation, but the attenuation of stress would be expected, because the T g for PU 2 is close to the range of intraoral temperature changes. In future research, reinforcement of the polyurethane to improve the stress relaxation would be worthwhile. Thus, null hypothesis (3) of the present study (that the polyurethane polymer does not exhibit shape memory behaviour with adequate characteristics for clinical applications) was rejected in part.
Conclusions
Under the conditions of this study, the following conclusions can be drawn:
1. The orthodontic force from thermoplastic appliances may decrease with clinically relevant temperature changes. 2. Orthodontic forces delivered by thermoplastic appliances may influence by the T g of the materials, but not the crystal structure. 3. The polyurethane polymer (with 56.5°C T g ) had a perfect shape memory effect within the range of intraoral temperature changes, although attenuation of stress would be expected with heating up to 50°C. 
